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INTRODUCTION
HS (heparan sulphate) consists of carbohydrate chains covalently attached to core proteins. Through their carbohydrate chains, HS proteoglycans (HSPGs) have a variety of functions as receptors for endogenous mediators and micro-organisms such as parasites. HS chains are composed of a linear backbone of repeating disaccharides (GlcAα1-4GlcNAc). During biosynthesis, this backbone is modified by a number of enzymes to create a wealth of heterogeneous sequences. Hitherto, HS has not been reported on mature human RBCs (red blood cells, erythrocytes), although HSPGs have been found on erythroid precursor cell lines [1] . Indirect evidence of HS-and heparin lyase-sensitive adhesion of microorganisms to RBCs has been reported for herpes simplex virus [2] . Similar observations have been reported for pRBCs (RBCs infected with the malarial parasite Plasmodium falciparum) [3] .
The symptoms of severe malaria result, in part, from the occlusion of capillaries in vital organs by pRBCs and uninfected RBCs. The sequestration of pRBCs and RBCs is brought about by pRBC binding to endothelium (cytoadherence) and pRBCs binding RBCs (rosetting) [4] . PfEMP1 (P. falciparum erythrocyte membrane protein 1), a transmembrane protein containing several domains, has a key role in sequestration to diverse receptors [5] . Glycosaminoglycans (GAGs) such as HS, chondroitin sulphate A and hyaluronic acid have been suggested as important receptors for the binding of pRBCs to RBCs, endothelial cells and syncytiotrophoblasts [6] [7] [8] , adhesive events in part mediated by PfEMP1 [3, 9] . The N-terminal portion of PfEMP1, the Duffybinding-like domain-1α (DBL1α), has been attributed binding properties to RBCs, CR1 (complement receptor 1), ABO-bloodgroup antigens and HS [3, [9] [10] [11] [12] . As RBCs treated with heparin lyase III can no longer form rosettes, HS-like structures on RBCs have been considered as receptors mediating rosetting [3, 6] . Moreover, DBL1α by itself, HS and heparin may disrupt and block rosette formation both in cultured strains and in wild isolates of P. falciparum [3, 6, 13] . Correlations between the severity of the disease and the heparin-and rosetting-binding capacity of the pRBCs [14] [15] [16] has prompted us to investigate the nature of the GAG-like receptors on the RBCs as an important step in understanding the pathology of the disease and to potentially develop new treatment strategies. Here we describe the isolation of HS chains and their core protein from mature human RBCs and demonstrate the capacity of the RBC-derived HS chains to bind to the DBL1α of the malaria antigen PfEMP1.
MATERIALS AND METHODS

Isolation of RBCs and depletion of reticulocytes
Human RBC concentrates, collected in citrate-treated bags (Terumo, Gothenburg, Sweden), were purchased from the Blodcentralen, Karolinska University Hospital (KUS), Stockholm, Sweden. In order to obtain reticulocyte-free RBCs, samples of RBC concentrates were cultivated as previously described [17] . To determine the reticulocyte content, cell populations were stained with Cresyl Blue (Merck) and analysed by optical microscopy using an Optiphot-2 (Nikon, Tokyo, Japan) microscope.
Immunostaining with 3G10 antibody
RBCs were washed three times in PBS and treated with 0.2 i.u./ml neuraminidase (Sigma), and 5 munits/ml heparin lyase III or 5 munits/ml chondroitinase ABC (Seikagaku, Tokyo, Japan). After washing three times in PBS, cells were incubated with 3G10 antibody (IgG2b; 1:25, equal to 40 µg/ml) (Seikagaku), followed by three PBS washes and incubation with FITCtagged anti-mouse antibody (1:25; Dako, Copenhagen, Denmark) and Alexa-Fluor-labelled anti-FITC antibody (1:25; Molecular Probes, Leiden, The Netherlands). All incubations were done at 37
• C for 1 h. Surface fluorescence was studied in an incident UV-light microscope (Optiphot-2).
In order to quantify the number of immunostained RBCs, samples were prepared as described above and analysed using Abbreviations used: DBL1α, Duffy-binding-like domain-1α; PfEMP1, P. falciparum erythrocyte membrane protein 1; GAG, glycosaminoglycan; GST, glutathione S-transferase; HS, heparan sulphate; HSPG, heparan sulphate proteoglycan; pRBC, Plasmodium falciparum-infected red blood cell; RBC, red blood cell; RT, room temperature. 1 To whom correspondence should be addressed (email Anna.Vogt@mtc.ki.se). Membranes were centrifuged at 9000 g for 30 min and washed in hypo-osmotic buffer until no haemoglobin was retained and finally washed in water. To remove most of the negatively charged sialic acid molecules, a membrane pellet (1 ml) was treated with 0.02 i.u./ml neuraminidase (Sigma) in 10 ml of 50 mM sodium acetate buffer, pH 6, and incubated for 24 h at 37
• C with shaking. The sample was subsequently washed three times in water. O-glycans were released from core proteins by incubation in 1 ml of 0.5 M NaOH for 16 h at 4
• C. The pH was adjusted to pH 9, followed by incubation with 2 mCi of NaB 3 H 4 (55 Ci/mmol; Amersham Biosciences, Uppsala, Sweden) for 4 h at RT (room temperature, 21
• C). Remaining aldehydes were reduced by the addition of 200 µg of NaBH 4 and incubation for 2 h. Excess NaBH 4 was hydrolysed and the sample desalted on a Sephadex G-10 (Amersham Biosciences) column (1 cm × 11 cm).
Purification of O-glycans
Separation of radiolabelled glycans (1 × 10 8 c.p.m.) according to size was performed on a column (1.5 cm × 145 cm) of Sepharose G-50 (Amersham Biosciences) equilibrated in 0.5 M NH 4 HCO 3 . Aliquots of the fractions were analysed by liquid-scintillation counting. Fractions containing large glycans were pooled and desalted. Ion-exchange chromatography was performed on a column (1 cm × 10 cm) of DEAE-Sephacel (Amersham Biosciences) equilibrated in 50 mM sodium acetate (pH 7)/0.1 M NaCl. Oligosaccharides were loaded in the same buffer and the column was washed with 10 ml of loading buffer and with 10 ml of 50 mM sodium acetate (pH 4)/0.1 M NaCl. Elution of the acidic glycans was achieved with a linear NaCl gradient in the same buffer. Fractions (1 ml each) were collected, aliquots were liquidscintillation-counted and peak material was pooled and dialysed against water. All isolation steps were performed at least three times with different batches, and identical results were obtained.
Characterization of O-glycans
Aliquots of isolated O-glycans were either cleaved by heparin lyase III [10 munits/ml in 50 mM Hepes (pH 7)/1 mM CaCl 2 ] or by deamination at pH 1.5 [18] . Untreated and treated samples were analysed by sizing chromatography on a column (3 cm × 30 cm) of Superdex 12 (Amersham Biosciences) in 0.5 M NH 4 HCO 3 and on DEAE-Sephacel as described above. Purified O-glycans were also analysed on GST (glutathione S-transferase) and DBL1α-GST fusion-protein [19] affinity columns [9] . The individual analyses were repeated at least twice with identical outcomes.
Analysis of RBC membrane proteins
RBC membranes were isolated as described above and treated with 5 munits/ml heparin lyase III, heat-inactivated heparin lyase III, chondroitinase ABC, or no enzyme, in PBS at 37
• C for 90 min. After incubation, samples were rinsed in PBS and dotted on to nitrocellulose membrane. The membrane was blocked in PBS with 5 % (w/v) dried-milk powder (Semper AB, Stockholm, Sweden), incubated with 3G10 antibody (1:500) in PBS, washed three times in PBS and finally incubated with horseradish peroxidase-conjugated anti-mouse Ig antibody at 1:20,000 (Dako). All incubations were performed for 1 h at RT. The membrane was developed using enhanced chemiluminescence (ECL ® ; Amersham Biosciences). The dot-blot was performed three times with identical results.
Surface-restricted biotinylation was used to analyse RBC surface proteins. Approx. 5 × 10 9 RBCs were washed twice in 10 vol. of RPMI-1640 and twice in PBS and re-suspended in 500 µl of PBS. Membrane-impermeable NHS-PEO 4 -Biotin reagent (Pierce) in DMSO was diluted in 500 µl of PBS to a concentration of 2 mM and immediately added to the cells. Surface proteins were biotinylated for 10 min at RT, centrifuged, then washed in 100 mM glycine/PBS and PBS. Membranes were isolated and treated with active or heat-inactivated heparin lyase III, as described above. Material corresponding to 1.5 × 10 7 cells was separated by SDS/12%-(w/v)-PAGE and transferred to nitrocellulose membrane. The membrane was blocked in PBS with 5 % milk powder and incubated with alkaline phosphatase-conjugated ExtrAvidin (1:10 000) (Sigma). After three washes in PBS the membrane was developed with the alkaline phosphatase substrate 5-bromo-4-chloroindol-3-yl phosphate/ Nitro Blue Tetrazolium ('BCIP/NBT'; Sigma). All incubations were performed for 1 h at RT. Identical results were obtained from three individual experiments.
RESULTS AND DISCUSSION
Since HS chains are heterogeneous molecules and differ in structure, there is a lack of antibodies recognizing all variant HS structures. Therefore, to identify HS chains on the intact RBC surface, we treated the RBCs with heparin lyase III and subsequently stained them with a monoclonal antibody, 3G10, which recognizes the conserved HS stub produced by cleavage of HS by the enzyme. An unsaturated hexuronate is created at the non-reducing end of the remaining HS stub that is essential for reactivity with the antibody [20] . Immunofluorescence staining of fresh RBCs with 3G10 indicated binding to 90 % of all cells, although the staining was weak (Figures 1A and 1B) . In a FACS scan a significant shift was detected between untreated and heparin lyase III-treated cell populations ( Figure 1E ). The 3G10 antibody did not react with stubs generated by chondroitinase ABC treatment of the RBCs (Figures 1C and 1G) . No cross-reactivity was seen with any secondary antibody to enzyme-treated RBCs (results not shown) or with any of the antibodies to untreated RBCs ( Figure 1D ). Human RBC samples contain 0.5−2.5 % reticulocytes, the immature RBC precursors still carrying mitochondria and ribosomes. Reticulocytes pass into the bloodstream, where they lose their organelles within a day or two to become mature RBCs. To ensure that the reactivity of the 3G10 antibody was not directed towards reticulocytes, a reticulocyte-free sample was produced by allowing the RBCs to mature in vitro. The content of organelles in cells decreases with time and, after 5 days of cultivation of RBCs, no mitochondria or ribosomes were present and the sample contained only mature RBCs. However, no difference was seen between the FACS analysis of RBC preparations containing or not containing reticulocytes ( Figures 1E and 1F) . Therefore RBC preparations containing reticulocytes were used in all further assays.
To isolate the potential PfEMP1 receptor of an HS nature from RBCs, large, acidic O-glycans were purified from neuraminidasetreated membrane preparations. The O-glycans were released from their core proteins and radiolabelled before separation by size chromatography (Figure 2A ). Approximately one-fifth of the labelled molecules were eluted as large glycans close to the void volume, V o (Figure 2A, pool I) . The glycans in pool I were further subfractionated according to charge by anion-exchange chromatography. Most of the material was eluted as non-charged molecules. With a linear salt gradient a heterogeneous population of charged glycans was eluted, corresponding to approx. 20 % of the loaded material. This material was pooled into two separate populations ( Figure 2B , fractions PII and PIII).
These negatively charged O-glycans ( Figure 2B , fractions PII and PIII) were tested for their susceptibility towards selective degradation methods. Upon treatment with heparin lyase III and deamination at pH 1.5, no degradation was observed for the polysaccharides in PII (results not shown). This deamination procedure is a selective method to chemically cleave glycosidic linkages of N-sulphated glucosamine residues and is specific for HS, since no other O-linked GAG is known to contain this modification. The most charged O-glycans, PIII, however, were sensitive to heparin lyase III (35 %) and to deamination at pH 1.5 (41 %). Before treatment, the glycans from PIII were eluted with an apparent size of a 26-mer standard heparin oligosaccharide (≈ 7.5 kDa) on the Superose 12 sizing column ( Figure 3A) . After either cleavage the products were eluted as smaller species of ≈ 10−≈ 4-mers (3−1.2 kDa) on the sizing column ( Figures 3B  and 3C ) and as non-retained oligosaccharides on the DEAE column (results not shown). This suggested the existence of HS chains in O-glycans isolated from human RBCs, although, as expected, the amount was very small. To test whether these glycans corresponded to the formerly suggested oligosaccharide receptor for malaria antigen, material from fraction PIII was tested for binding to DBL1α−GST fusion protein. About 40 % of the O-glycans in PIII ( Figure 2B ) bound to the DBL1α−GST affinity column ( Figure 4A ), a similar amount as was sensitive to HSspecific degradation. No binding to GST was seen (results not shown). Using the specific radioactivity of NaB 3 H 4 , the activity of the radiolabelled starting material and the relative amounts of material that were sensitive to HS-specific reaction, a rough approximation of 2000 HS chains per single RBC could be estimated. The number of HS molecules is very low compared with many other RBC surface proteins, e.g. Band 3, which represents ≈ 10 6 molecules/cell, but not unknown in this range, as ≈ 10 2 Na/K-ATPase protein molecules have been estimated per RBC [21] . To prove that the HS is covalently bound to a membrane protein, we also attempted to demonstrate the existence of an HS core protein in RBCs. To detect potential HS core protein(s), a dot-blot assay was performed. Isolated RBC membranes were treated with either active or inactive heparin lyase III, chondroitinase ABC or no enzyme. Only the sample treated with active heparin lyase III reacted with the 3G10 antibody ( Figure 4B ), suggesting the existence of HS-core protein(s) in the RBC membrane. Therefore intact RBCs were biotinylated and membranes isolated. The material was treated with active or inactivated heparin lyase III. Samples were separated by SDS/PAGE, analysed by Western blot and biotinylated proteins were visualized with alkaline phosphatase-conjugated ExtrAvidin. In the sample treated with active heparin lyase III, a specific band of ≈ 30 kDa was detected in three separately isolated samples ( Figure 4C ). RBC proteoglycans analysed before heparin lyase III treatment still carrying glycans migrated as a polydis- perse band and could not be studied. Notably, the biotinylation of RBCs was strictly directed to membrane proteins and did not occur in the cell, since, for example, haemoglobin was not labelled (results not shown). The 3G10 antibody was also used in direct immunoblotting, though no staining was seen, suggesting a low number of HS chains covalently attached to the RBCs.
HSPGs have been identified on a haematopoietic progenitor cell line induced to differentiate into erythroid cells [1] , but whether these cells develop into reticulocytes is unknown. Yet, in the haematopoietic cell line studied, the quantity of HSPGs seemed to decrease during their differentiation into more mature erythroid cells. Considering that RBCs have a lifetime of about 120 days, it is tempting to speculate that, as for other cell compartments, the quantity and quality of an HSPG would change over time and that younger RBCs carry more HS than the older ones. This could have implications for the pathogenesis of severe malaria.
Several independent studies have proposed the involvement of HS on the RBC surface in the adhesion events occurring with pathogens such as herpes simplex virus and P. falciparum. The importance of GAGs on endothelial cells, syncytiotrophoblasts and RBCs in the development of severe malaria has indeed been appreciated, yet HS has so far not been found on mature human RBCs. One reason for this may be the small amounts of HS on the RBC surface, in combination with the lack of means to metabolically radiolabel carbohydrates in RBCs. Yet, we have here been able to isolate HS and identify its core protein, although the type and function of this HSPG are as yet unknown. The origin of the HS on the RBCs is probably erythroid, since HS has been found on erythroid precursors. Our findings suggest HS to be present on normal mature human RBCs.
A better knowledge of the structures of receptors involved in the causation of severe malaria is of importance for the design of receptor antagonists. The findings presented here will help us to further understand the development of pathology during severe P. falciparum malaria and hopefully aid in creating a drug that diminishes HS-dependent sequestration in vivo.
